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Abstract
The objective of this work is to demonstrate the feasibility of on-chip sensing of bistable
mechanism state using the piezoresistive properties of polysilicon, thus eliminating the need for
electrical contacts. Changes in position are detected by observing changes in resistance across
the mechanism. Sensing the state of bistable mechanisms is critical for various applications,
including high-acceleration sensing arrays and alternative forms of nonvolatile memory. A fully
compliant bistable micro mechanism was designed, fabricated, and tested to demonstrate the
feasibility of this sensing technique. Testing results from two fabrication processes, SUMMiT IV
and MUMPs, are presented. The SUMMiT mechanism was then integrated into various
Wheatstone bridge configurations to investigate their potential advantages and to demonstrate
various design layouts. Repeatable and detectable results were found with independent mechanisms and with those integrated into Wheatstone bridges.

1. Introduction
The objective of this work is to demonstrate the feasibility of on-chip sensing of bistable
mechanism state using the piezoresistive properties of polysilicon. Two approaches are proposed
and demonstrated: 1) sensing the resistance change in the mechanism caused by the strain in the
second equilibrium position, and 2) integrating the mechanism in bridge configurations. Four
different bridge configurations are investigated. Sensing the state of bistable mechanisms is
critical in their various applications, such as mechanical nonvolatile memory or high-acceleration
sensing arrays. The proposed approach allows on-chip state sensing with the potential of a
dramatic increase in reliability.
Electrical contacts are often used to determine the state of a mechanism by using the
mechanism to close an electrical circuit in one of its states. However, tolerances and fabrication
variation lead to challenges with electrical contacts. Contact resistances can vary across a wafer
and change between operating cycles. Polysilicon is a poor contact material because it is too
hard, and its resistivity is too high. This work proposes piezoresistive position sensing to
eliminate reliability issues and errors associated with electrical contacts by completely
eliminating the contact. On-chip sensing is integrated into the device design, and low power is
required to sense changes in mechanism position.
Measurable changes in resistance are required to detect the change in mechanism state,
and several challenges exist that complicate the problem. The magnitude of the resistance change
is dependent on device design, material properties, and fabrication process. The largest challenge
is related to the fact that the sign of the resistance change in the mechanism is dependent on the
direction of stress (tensile or compressive). Many MEMS devices use the piezoresistive effect on
one surface of a membrane, which will be in tension or compression when under pressure.

1

However, a beam in bending experiences both tensile and compressive stresses. The different
signs of resistance change for compressive and tensile strain can combine to minimize the output
signal or eliminate any detectable piezoresistive effect. Several devices are presented that
address this challenge and make it feasible to use the piezoresistive properties of a bistable
device to detect its state.
Testing on bistable mechanisms manufactured in SUMMiT IV process and MUMPs is
presented. Four bridge configurations were then tested to investigate potential advantages.
Models predicting the trends of resistive behaviors are also presented.

2. Background
A bistable mechanism is a device that can toggle between two stable equilibrium positions [1].
Compliant bistable mechanisms can be used in many applications including switches [2], valves
[3], and relays [4]. The application of compliant micro bistable mechanisms is of interest because
the mechanism will remain in either position without requiring input power to maintain the
position.
Opdahl [5] presents a classification method which allows the characterization of various
bistable mechanisms. Snap-through buckling mechanisms are well-suited for piezoresistive
position sensing because there are no breaks in electric contact and there is a large difference in
stress present in the mechanism between the first equilibrium position and a stopped, second
stable position. A stop is used to increase the amount of stress in the second stable position,
enabling a larger stress difference between the two measured positions.
Figure 1 shows a plot of the applied force vs. displacement curve for a bistable
mechanism. This curve is the derivative of the energy curve with respect to displacement. The
roots of the curves represent the peaks and valleys of energy, or the stable and unstable
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equilibrium positions. The switching forces can be determined by the magnitude of the
maximum and minimum of the curve.
The fully compliant bistable mechanism (FCBM) contains no pin joints, gaining all
motion from the deflection of flexible members [1]. The FCBM uses a central shuttle to
constrain its motion to linear displacement. The FCBM topology used in this research was
presented by Wittwer et al. [6] as shown in Figure 2.
Qiu [7] describes the advantages of a centrally clamped parallel beam bistable
mechanism. Two parallel beams are connected in the center to insure that the buckling of the
bistable mechanism is symmetric. This symmetric buckling mode can also be accomplished by
the use of multiple sets of legs with a central shuttle (as in the FCBM). The shuttle acts as a
central clamp, allowing the legs to move in parallel.
Variability in performance is introduced in micro mechanisms through joint clearances,
friction forces, stiction, dimensional variations, and uncertain material properties [8]. Variability
due to joint clearances can be eliminated by using a fully compliant bistable mechanism, but the
behavior of the device shown in Figure 2 is still subject to variation in beam widths and residual
stress [6]. The FCBM can be fabricated in a plane, making it practical for MEMS applications in
which silicon or polysilicon is used as the structural material. Both silicon and polysilicon have
been shown to be piezoresistive materials.
Piezoresistivity describes an effect in which the bulk resistivity is influenced by the
mechanical stress applied to the material. This effect in silicon was described by Smith [9].
Semiconductor strain gauges utilizing this material property are two orders of magnitude more
sensitive than metal gauges [10]. Changes in conductivity under stress are attributed to the
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raising and lowering of conduction band minima [11]. Warping of the band structure is also
present in p-type silicon, yielding both a transfer of carriers and a change in effective mass [12].
Mathematical models have been developed to characterize changes in resistivity [13].
French and Evans developed a model, including the effects of grain boundaries, which describes
the piezoresistive behavior of polysilicon [12] [14] [15].
Pressure sensors are a common application for piezoresistivity in polysilicon [10] [11]
[16] [17]. Pressure sensing membranes are used in combination with specially-doped resistive
areas. The effect of piezoresistivity has also been used to detect acoustic waves in a microphone
[18] and to detect forces in the cantilevers of atomic force microscopes [19]. In these
applications, resistors are deposited on top of the structure and are in either compression or
tension, depending on the direction of membrane deflection. In contrast, this work uses the entire
mechanism as the resistive element, and in-plane motions are being measured instead of out-ofplane deflections.
Piezoresistivity has been used to determine the position of a thermomechanical in-plane
microactuator (TIM) [20] [21]. Displacement measurements were captured by piezoresistive
position sensing and used in feedback control of the TIM. The measurement setup is shown in
Figure 3. Sensing beams were attached to the shuttle of the thermal actuator. The sensing beams
then acted as resistors in a Wheatstone bridge, with both the sensing legs and the other resistors
reflecting the geometry of a single set of actuator legs. As the TIM changed position, it deflected
the sensing beam. This deflection induced stress, which changed the resistance of the sensing
beam and the voltage output of the bridge. The position was determined by the change in
voltage, and the input signal to the TIM could be adjusted.
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While the piezoresistive properties of mono crystalline silicon are generally wellunderstood and well-documented, polysilicon properties are more obscure and are complicated
by process dependencies and variations. Values for the material bulk resistivity, ρ, and the
piezoresistive matrix coefficients, πij, are used for finite element modeling. The matrix
coefficients relate the piezoresistivity to the stress along different directions in the material.
Symmetry conditions reduce the matrix to include only π11, π12, and π44. The matrix coefficients
are sensitive to crystal orientation, doping type, doping level, and operating temperature [22].
Smith [9] reports the resistivity and matrix coefficients for mono crystalline n- and p-type
silicon. It is predicted that polysilicon has a large, negative π11 value, a π12 value of the opposite
sign and half the magnitude, while π44 is predicted to be zero [11]. French and Evans [12] report
averaged πl and πt (longitudinal and transverse) values for polysilicon over 5 planes plus random
orientation structure. Gridchin and Lubimsky [23] provide formulas to calculate polysilicon
matrix coefficients for different crystal orientations from the mono crystalline values.
Accurate values for π11, π12, and π44 are not currently available for the polysilicon used in
this work because these material properties have not been accurately characterized. However, the
primary objective of this work is to demonstrate that bistable mechanism state can be determined
using the piezoresistive effect. The models developed in the work are meant to predict trends,
and the piezoresistive properties published by Smith [9] for n-type silicon are found to be
adequate for this purpose. It was shown that the modeling results with these values show the
important trends and give a conservative estimate of most experimental measurements. The
values used for the modeling in this paper are listed in Table 1.
Piezoresistive position sensing is advantageous due to the small size of the sensing
mechanism. Capacitive sensing is commonly used in sensing changes in mechanism position
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(e.g. as seen in accelerometers). Hälg [24] designed a bistable beam with capacitive sensing
capabilities. The beam was electrostatically actuated and would remain in either position for an
indefinite amount of time. A limitation of capacitive sensing is the very small change in
capacitance typical in MEMS applications that is difficult to measure. Piezoresistive sensing uses
much less space and can produce greater differences in signal when the bistable mechanism
switches position. Data collection can be achieved using electrical probes or wire-bonding
circuitry as opposed to capacitive sensing, which usually requires on-chip circuitry. These
capabilities make piezoresistive position sensing a feasible and promising alternative to
capacitive sensing.

3. Direct Resistance Measurement
The simplest possible configuration is to use the flexible elements of the bistable mechanism as
the sensing elements, without integration with a Wheatstone bridge or other device. This section
investigates the ability to detect device position without the use of a Wheatstone bridge by
testing devices fabricated using two different surface micromachining processes, the SUMMiT
IV process and MUMPs. A single bistable mechanism, fabricated using the SUMMiT IV
process, was tested for a measurable resistance change between stable positions. The design
parameters for the SUMMiT IV fully compliant bistable micromechanism are shown in Figure 4.
Values and design variables for the bistable micromechanism are listed in Table 2. The values
represent dimensions as drawn for manufacturing using the SUMMiT IV process (an additional
0.2 mm should be subtracted from the three width dimensions due to etch bias). The bistable
mechanism tested had identical dimensions to the mechanisms later tested in bridge
configurations. One mechanism was tested with five repetitions, and remote sensing was used to
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ensure accuracy of the applied current. Five levels of current were applied to the mechanism, and
the voltage was measured in both positions. The results of this testing are shown in Table 3.
Bistable mechanisms produced in MUMPs [25] were also tested to determine the
magnitude of the resistance change associated with the toggling of the mechanism’s position.
The design parameters for the MUMPs fully compliant bistable micromechanism are shown in
Figure 5. In addition to having different dimensions because of different process design rules, the
MUMPs configuration is slightly different than the SUMMiT IV configuration in that the
connection to the substrate occurs through an additional flexible member (see left of Figure 5).
Values and design variables for the bistable micromechanism are listed in Table 4. Remote
sensing was again used to ensure that the mechanism experienced the desired applied current.
Three identical bistable mechanisms were measured on two separate die. Each mechanism was
measured five times in both stable positions. The measurements for the MUMPs bistable
mechanisms are listed in Table 5. The results for the MUMPs and SUMMiT configurations must
be evaluated independently because they were fabricated by different processes, made with
different material properties, and used different bistable mechanism designs. Detectable voltage
changes were recorded for both mechanisms independent of bridge integration.
While the resistance of the SUMMiT device remained constant throughout all input
currents (calculated by dividing output voltages by input currents), a nonlinear trend (Figure 6)
occurred in the resistance of the MUMPs device as the source current increased. The maximum
standard deviation associated with these measurements was 1.1 Ω, demonstrating that the nonlinearity of the data points is larger than the standard deviation of the measurements. The
nonlinearity of the mechanism’s resistance could be attributed to the temperature change of the
material as described by Gad-el-Hak [22]. This is reasonable, because a similar topology is used
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for thermal actuators, where resistivity is known to be affected by temperature [26]. This section
demonstrates the feasibility of piezoresistive sensing of bistable mechanism state using the
flexible members of the bistable mechanism as sensing elements. This simple approach leads to
the investigation of devices integrated in a Wheatstone bridge configuration, as described next.

4. System Device Design
Bistable

mechanisms

were

fabricated

(SUMMiT

IV)

in

Wheatstone

bridge

configurations, where mechanisms with the same dimensions described in Table 2 were used as
resistors in the bridges. Figure 7 displays the four fabricated configurations with assigned labels
A through D.
Configuration A (Figure 7 (a)) uses a quarter bridge configuration with all four resistors
made of identical bistable mechanisms. The identical mechanisms were used to ensure that the
Wheatstone bridge was balanced. The balanced bridge is designed to yield an output voltage of
zero while the mechanism is in the first stable position, because the bridge will be symmetric.
When the mechanism changes position, the bridge will no longer be balanced, and the output
voltage will be non-zero.
Figure 7 (d) (configuration D) shows a quarter bridge with two mechanisms and two
beams. The beams were designed to have resistances similar to that of the bistable mechanism.
The lower mechanism is physically stopped to prevent deflection under residual stress.
Similar to configuration D, configuration B (Figure 7 (b)) uses two mechanisms and two
beam resistors. The shuttles of the two mechanisms are connected in configuration B, allowing
both mechanisms to toggle positions simultaneously. The potential of yielding a higher change in
resistance between the two positions exists due to the resistive changes in two mechanisms, but
electrical connection of the two shuttles alters the circuitry of the bridge.
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A quarter bridge with three beam elements is shown in Figure 7 (c) (configuration C).
This configuration could be designed to be the most compact, with stacked beams manufactured
in different layers.
The dimensions of the beam resistors for each configuration are listed in Table 6, where
configuration C has values for the vertical and horizontal beam resistors. Each of these
configurations was tested to determine the effects of the different Wheatstone bridge
architectures.
Wheatstone bridges are circuits designed to sense small changes in resistance (Figure 8).
An excitation voltage is applied, and an output voltage corresponding to the resistance change is
measured. For a balanced bridge (R1/R2= R3/R4), the output voltage will be zero for any input
voltage. Balanced bridges mitigate temperature varying effects because all resistors in the bridge
heat up at the same rate. The equation describing the output voltage is
R3 
 R1
−
Vo = 
Vi
 R1 + R 2 R3 + R 4 

(1)

where Vo is the output voltage, and Vi is the excitation voltage. Quarter-bridge configurations
were used in this research, where the bistable mechanism is the variable resistor. A change in R1
(the resistance of the bistable mechanism) will change to some new value, R1’, where
R1’=R1+δR. The output from the bridge then is
 R1' R 4 − R3R 2 
Vi
Vo = 
R
R
R
R
(
1
'
+
2
)(
3
+
4
)



(2)

For a bridge where all the resistors are nominally equivalent (i.e. R1 = R2 = R3 = R4 = R),
quarter bridge circuit, the voltage change can be simplified to contain a single resistance, R, such
that
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Vo =

∆R
Vi
4R

(3)

Wheatstone bridges are used in this research in order to detect small changes in the
resistance of a bistable mechanism. The resistance of the SUMMiT bistable mechanism used in
this work was measured to be 90.7 ohms with a standard deviation of 1.03 ohms. The change in
resistance detected when the mechanism toggles positions was found to be 2.0 ohms with a
standard deviation of 0.17 ohms. Table 7 shows the voltage changes predicted by equation 3 at
three voltage source levels for a balanced quarter-bridge (configuration A) using these measured
resistive values.
The simple model of Equation 3 was a good prediction of actual device behavior for
configuration A (see Table 8). Due to balance in the bridge and identical resistors, configuration
A should be insensitive to variations in temperature. Temperature changes in the bridge will be
experienced equally among all resistors. Configurations C and D are quarter bridge
configurations but may not be balanced due to the use of beams as resistors. These
configurations will thus be more sensitive to temperature variations, and Equation 3 will be less
accurate in predicting device behavior. Note that configuration B is not a Wheatstone bridge due
to the connection of the central shuttles.

5. Modeling
Finite element analysis was performed using ANSYS to model each configuration. Twodimensional, coupled-field, piezoresistive elements (PLANE223) were used to predict the
structural and piezoresistive properties of the polysilicon devices. All four layouts were modeled
in their bridge configurations, with excitation voltages applied and output voltages measured.
The results for all configurations were similar, with the results of configuration C shown in
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Figure 9. Voltage changes for three source voltages are shown as solid lines. The forcedisplacement plot (dashed line) of the bistable mechanism is displayed on the secondary axis for
position reference. The vertical line indicates the position of the physical stop used to hold the
second stable position at a state of higher stress. The importance of the stop can be seen by
observing the small voltage changes when the mechanism reaches its natural, second stable
equilibrium position (SSP). Experimental data reflects the point where each voltage curve
intersects the vertical line, i.e. the voltage change between the as-fabricated position and the
switched, stopped position.

6. Testing and Results
Ten different modules were tested, with one instance of each configuration per module.
Seven of the modules were tested using probes (module numbers 1-7), while three modules were
wire-bonded to obtain better electrical contacts (numbers 8-10).

6.1. Probe Testing
Two Keithley 2400 Digital SourceMeters were used to power the bridge and measure the
output voltage utilizing seven probes. The first SourceMeter was used exclusively to apply an
accurate voltage to the bridge. Four probes were used in the four-sense mode (remote sensing) to
power the bridge. Two probes apply the source voltage, while two neighboring probes read the
voltage to insure the application of the desired voltage level. When the source voltage is detected
to vary from the desired level, the SourceMeter increases or decreases the applied power to
insure that the device experiences the correct voltage. The wires connecting the power source to
the probes and the interface between the probes and the bond pads introduce resistive losses into
the system. This is especially important with devices fabricated using the SUMMiT IV process,
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because bond pads are not metallized. The four-wire sense mode mitigates the effects of resistive
losses associated with contact pad area (including effects such as tip diameter, angle of descent,
etc.) as well as the surface of contact (being clean from debris and oxidation, uniform texture),
and other losses (such as that due to cable lengths, device interconnects), and facilitates the
accurate application of the excitation voltage. The method reduces much of the error in the
measurement, but cannot guarantee to eliminate all of it. The second SourceMeter is used as a
voltmeter to measure the output voltage of the bridge. A seventh probe is used to manually
actuate the mechanism between its two stable positions. This setup is shown in Figure 10 for
configuration B. A similar setup was used with other configurations. Each configuration was
tested at three excitation voltages: 0.5, 1.0, and 1.5 volts. Three measurements were taken with
the bistable mechanism in its first position (one at each excitation voltage). The mechanism was
toggled, and three more measurements were recorded in the second stable position. This
sequence was repeated five times for each mechanism across the seven probe-tested modules.
The power source was turned off between each measurement, and the probes adjusted to
optimize the output signal.
The non-metallized bond pads of the tested devices limited the precision of the
measurements. The output on the voltmeter would converge on a value after the probes were
adjusted to yield better contacts. Once the output converged, the results were repeatable.
Measurements were taken with 0.0001 volt precision.

6.2. Wire-Bonded Testing
In order to reduce measurement error due to contact resistance and other resistive losses,
three modules were wire bonded. Aluminum wire was used to bond the pads to the module
carrier. The procedures described for probe testing were used to obtain measurements, but four-

12

wire remote sensing could not be used. The same three excitation voltages were used, and each
mechanism was measured five separate times in both positions at each excitation voltage. As
expected, the output voltage was very steady, showing no signs of deviation. The use of wirebonding also allowed measurements to be taken with an additional decimal place of accuracy.

6.3. Results
Each configuration experienced a measurable change in voltage when the bistable
mechanism position was toggled. Measured average voltage changes, standard deviations, and
the model predictions (∆VM) are listed in Table 8 for each configuration and excitation voltage
level. Data is missing for modules where devices were damaged. Configuration B showed the
largest change in voltage between the two positions, while all configurations yielded consistent
results with small variation. Configurations C and D had very similar results, but exhibited the
smallest change in output voltage. Intermediate changes were experienced by configuration A.
The measurements of the wire-bonded parts exhibited smaller variation with voltage changes
similar to those seen with the probe-tested modules. All voltage changes are greater than 2.2 mV,
which can be easily measured.
The models for configurations B, C, and D under-predict the voltage change, whereas the
model over-predicts the signal for configuration A. The models for configurations C and D
predict approximately 80% of the experimentally- obtained voltage change. The discrepancy
between the model predictions and the measured values is believed to be primarily due to the
inaccurate piezoresistive coefficients used in the models.
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7. Conclusions
Resistance changes of a micro bistable mechanism as it toggles positions can be made to be
detectable and repeatable. A 1.5 V excitation voltage produced up to an 11.3 mV difference
between the output voltages at each of the two stable positions. Ensuring that adequate
compressive stresses are in the mechanism in its second stable state is one method of insuring a
measurable change between positions. This phenomenon can be modeled using finite element
analysis, and the resulting trends may be used to enhance device design.
By using the mechanism as a sensing element in a Wheatstone bridge, on-chip sensing
can be integrated into the system. Low power is needed to sense the state of the mechanism (2.8
mW for a 0.5 V input), and the bridge configuration provides convenient, repeatable results.
Time-varying factors are also eliminated by the use of the Wheatstone bridge.
A significant advantage of using piezoresistive properties rather than electrical contacts
to detect state is that the reliability problems associated with electrical contacts can be
eliminated, because the completion of an electrical circuit is no longer needed to determine the
device position. Device design is thus simplified because no consideration must be taken for
contact positioning, and device reliability is dramatically increased by eliminating the
dependence on problematic micro contacts.
Possible applications for the bistable mechanism with piezoresistive position sensing
include mechanical nonvolatile memory and high-acceleration sensing arrays. Bistable
mechanisms are well-suited for mechanical nonvolatile memory applications, because they
remain in position without any input power. Acceleration thresholds can be calculated using the
mechanism switching force and the mass of the central shuttle. An array of mechanisms can be
designed with varying acceleration thresholds. This array can then be queried following an
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impact to determine the magnitude of the experienced acceleration. Piezoresistivity may also be
used to measure the dynamic response of a device by taking measurements as the device toggles.
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Table 1. Piezoresistive values used for FEA modeling [9].
ρ (TΩµm)

11.7e-8

π11 (MPa)

-1

-102.2e-5

π12 (MPa)

-1

53.4e-5

π44 (MPa)-1

-13.6e-5

Table 2. Design variables and values.
Variable

Value

l1 (µm)

21.6

w1 (µm)

1.7

θ1 (deg.)

7.0161

lr (µm)

80.0

wr (µm)

6.2

θr (deg.)

2.167

l2 (µm)

21.6

w2 (µm)

1.65

θ2 (deg.)

2.039

Table 3. SUMMiT voltage changes for mechanism without Wheatstone bridge.
SUMMiT Mechanism
Iin (mA) ∆V (mV) Std. Dev. (mV)
0.5

0.94

0.15

1.0

2.0

0.11

1.5

3.0

0.16

2.0

4.2

0.13

2.5

5.3

0.26
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Table 4. MUMPs design variables and values.
Variable

Value

l1 (µm)

95.7

w1 (µm)

2.5

θ1 (deg.)

6.9

r10(µm)

145.5

θ0 (deg.)

6.1

l2 (µm)

77.3

w2 (µm)

2.5

θ2 (deg.)

7.1

lk (µm)

64

wk (µm)

3.5

Table 5. MUMPs voltage changes for mechanisms without Wheatstone bridge.
MUMPs Mechanisms
Iin (mA) ∆V (mV) Std. Dev. (mV)
0.5

4.9

0.25

1.0

9.7

0.48

1.5

14

0.91

2.0

18

1.7

2.5

21

3.0
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Table 6. Beam resistor dimensions.
Width
(µm)

Length
(µm)

Thickness
(µm)

Configuration B

9.367

26.0

0.3

Configuration C (1)

2.989

16.0

0.3

Configuration C (2)

4.416

265.028

2.8

Configuration D

2.989

16.0

0.3

Table 7. Predicted voltage changes for configuration A.
Vs (Volts)

∆V (mV)

0.5

2.77

1.0

5.53

1.5

8.30

Table 8. Voltage changes, standard deviations, and model predictions (mV).
Configuration A

Configuration B

Configuration C

Configuration D

Vs (Volts) ∆V Std. Dev. ∆VM ∆V Std. Dev. ∆VM ∆V Std. Dev. ∆VM ∆V Std. Dev. ∆VM
0.5

2.8

0.18

4.5

3.6

0.20

1.9

2.2

0.11

1.7

2.2

0.11

1.7

1.0

5.9

0.19

9.0

7.4

0.32

3.7

4.5

0.18

3.4

4.4

0.22

3.4

1.5

9.1

0.16

13

11

0.46

5.6

6.7

0.32

5.2

6.6

0.31

5.2
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Figure 1. Typical force vs. displacement curve of a bistable mechanism.

Figure 2. Fully compliant micro bistable mechanism in first (left) and second (right) stable
equilibrium positions [6].

Moving shuttle

TIM

Reference
Legs

Sensing
Beams

Figure 3. Piezoresistive position sensing setup for feedback control of a thermal actuator [21].
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Figure 4. Design parameters of the quarter-model of a SUMMiT IV fully compliant bistable
mechanism [6].

Figure 5. Design parameterization of MUMPs fully compliant bistable mechanism [1]. Note the
similarity with the device of Figure 4, the primary difference being the flexible connection a the
left side.

Figure 6. Resistance change with current of MUMPs bistable mechanism.
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R1

R3

R2

R4

Figure 7. SEM micrograph of four bistable mechanism bridge configurations (Configuration A
is shown at a different magnification than the other configurations).

Figure 8. Wheatstone bridge schematic.
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Figure 9. Configuration C modeling results.

Figure 10. Probe setup for piezoresistive position testing.
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